Deregulation of calcium has been implicated in neurodegenerative diseases, including Alzheimer's disease (AD). Previously, we showed that saturated free-fatty acid, palmitate, causes AD-like changes in primary cortical neurons mediated by astrocytes. However, the molecular mechanisms by which conditioned media from astrocytes cultured in palmitate induces AD-like changes in neurons are unknown. This study demonstrates that this condition media from astrocytes elevates calcium level in the neurons, which subsequently increases calpain activity, a calcium-dependent protease, leading to enhance p25/Cdk5 activity and phosphorylation and activation of the STAT3 (signal transducer and activator of transcription) transcription factor. Inhibiting calpain or Cdk5 significantly reduces the upregulation in nuclear level of pSTAT3, which we found to transcriptionally regulate both BACE1 and presenilin-1, the latter is a catalytic subunit ofsecretase. Decreasing pSTAT3 levels reduced the mRNA levels of both BACE1 and presenilin-1 to near control levels. These data demonstrate a signal pathway leading to the activation of STAT3, and the generation of the amyloid peptide. Thus, our results suggest that STAT3 is an important potential therapeutic target of AD pathogenesis.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease, characterized by the deposition of amyloid (A ) peptide generated through cleavage by BACE1 ( -site amyloid precursor protein cleaving enzyme) and -secretase. AD begins with mild memory deficits and ultimately results in total loss of cognition and executive functions. One in 85 people worldwide are predicted to be affected with AD by year 2050 (Alzheimer's, 2012) . The etiology of AD is unknown and no effective cures currently exist (Berridge, 2010) . Calcium signaling is involved in numerous neuronal functions, and the dysregulation of neuronal calcium homeostasis is a hallmark of AD pathology and found in both AD patients and in AD animal models (Berridge, 2010) , impairs neuronal activity, accelerates A formation (Demuro et al., 2010) and is linked to the neurodegenerative process in AD (Fedrizzi and Carafoli, 2011) . Nevertheless, the mechanism by which abnormal level of calcium leads to amyloidogenesis is unclear.
Calpain, a calcium-dependent protease that can be triggered by abnormally high calcium levels, is over-activated during early stages of the AD process (Medeiros et al., 2012; Trinchese et al., 2008) . Pharmacological inhibitors of calpain improve cognition and reduce amyloid plaque load in AD transgenic mice model, implicating their potential therapeutic application for AD (Liang et al., 2010) . P25, the proteolytic cleavage product from p35 generated by calpain, activates cyclin-dependent kinase 5 (Cdk5) and was reported to be upregulated in human AD brain (Cruz et al., 2006) . Cdk5, a proline-directed serine/threonine kinase, has diverse functions in the central nervous system, including neuronal migration, synaptic plasticity and cognition (Crews and Masliah, 2010; Giusti-Rodriguez et al., 2011) . In support of its role in the pathogenesis of AD, the activity of Cdk5 is upregulated in AD patient's brain (Wen et al., 2008) . Activation of Cdk5 increases while inhibiting Cdk5 activity attenuates A generation (Cheung and Ip, 2012) .
A peptide is generated from sequential proteolytic cleavages of the A precursor protein by BACE1 and -secretase (Cole and Vassar, 2007; Selkoe, 2001) . The expression of BACE1 is cell-type and stimuli-specific (Christensen et al., 2004; Ge et al., 2004; Sambamurti et al., 2004) , and is tightly regulated at the transcriptional level (Bourne et al., 2007; Sinha et al., 1999; Sun et al., 2012) . The promoter region of BACE1 contains many putative transcription factor binding sites that are conserved among different species, including rat, mouse and human (Bourne et al., 2007; Chami et al., 2012; Sun et al., 2012) . Several putative transcription factors of BACE1, such as SP1 and Yin Yang 1, have been confirmed in neuroblastoma cells (Christensen et al., 2004; Nowak et al., 2006) . Similarly, p25/Cdk5 has been reported to phosphorylate and activate the transcription factor, signal transducer and activator of transcription 3 (STAT3), to positively regulate the transcription of the BACE1 gene, also, in neuroblastoma cells (Wen et al., 2008 ).
-secretase consists of presenilin, nicastrin, APH-1 (anterior pharynx-defective 1) and PEN-2 (presenilin enhancer 2). The catalytic core of -secretase consists of presenilin-1 which is essential for the activity of -secretase. The expression of the presenilin-1 gene increases during aging and during brain injury (Das, 2008) . The expression of presenilin-1 can be regulated by the Ets transcription factor (Pastorcic and Das, 2000) , and further p53 has been shown to be involved in the regulation of presenilin-1 expression (Pastorcic and Das, 2000) , while inhibiting c-Jun N-terminal kinase (JNK) represses presenilin-1 expression (Lee and Das, 2010) .
The AD brain is characterized by high fatty acid content, and significant increases in fatty acids from brain trauma have been suggested as a risk factor for AD (Jellinger, 2004; Morris and Tangney, 2010) . In animal models, the consumption of saturated fatty acids increases the pathophysiological changes associated with AD (Takechi et al., 2009 ). Previously our group confirmed that saturated fatty acids, e.g. palmitate, induced AD-like changes in primary rat neurons mediated by conditioned media from astrocytes, although it was not determined whether palmitate directly increases BACE1 and hyperphosphorylation of tau in the primary neurons Patil et al., 2007) . Further, the conditioned media from astrocytes treated with palmitate increased sphingomyelinase activities and enhanced the stability of BACE1, to propagate the deleterious effects of palmitate in primary neurons . The process, however, by which A is generated in primary neurons cultured in conditioned media from palmitate-treated astrocytes, is unclear. Here we show that the conditioned media from these astrocytes rapidly increases the calcium levels, enhances the activity of calpain and of Cdk5 through p25 (the cleavage product of calpain) and in turn activates STAT3 in the neurons. Further we found that the STAT3 transcription factor could regulate the expression of both BACE1 and presenilin-1, a core subunit of -secretase, thereby supporting pSTAT3 as a potential therapeutic target.
MATERIALS AND METHODS

Isolation and culture of primary rat astrocytes and neurons
All procedures in the cell isolation were approved by the Institutional Animal Care and Use Committee at Michigan State University. Primary cortical astrocytes were isolated from postnatal day 0-2 newborn Sprague-Dawley rats as previously described . Briefly, the cortices were digested with papain (10units/ml; Worthington, NJ, USA) and DNaseI (100units/ml; Roche, IN, USA) for 30min at 37°C, and washed with DMEM/F12 (Invitrogen, Carlsbad, CA, USA). The cells were seeded on poly-L-lysine (PLL, 50g/ml; Cultrex, Gaithersburg, MD, USA) coated plate for 1hr and the media was changed to fresh complete DMEM/F12 media (DMEM/F12 supplemented with 10% fetal bovine serum, 100 g/mL streptomycin and 100U/mL penicillin (Invitrogen)) to remove dead cells. The cells were cultured in a humidified atmosphere containing 5% CO 2 at 37°C, the cultured medium changed every 3 days. The purity of the astrocytes were >90% , and ready for use in experiments when the cells reached around 80% confluence.
Cortices from postnatal day 0 Sprague Dawley rats were used for the neuronal culture. Briefly, the cortical tissues were digested with papain and DNaseI for 30min at 37°C, and washed with Neurobasal A medium (Invitrogen) three times. The cells were seeded on PLL coated plates for 1hr and the media was changed to fresh complete cell culture media (neurobasalA medium with B27, 0.5mM glutamine, and 100 g/mL streptomycin and 100U/ mL penicillin). The purity of the neurons was >90% and used for experiments after 3 or 4 days of culture.
Astrocyte conditioned media (CM) and Materials
Neuronal cell culture medium (DMEM 10313 supplemented with 10% horse serum, 10mM HEPES, 2mM glutamine, 100 g/mL streptomycin and 100U/mL penicillin) was used to culture primary neurons and astrocytes for 24hr prior to treatment. BSA (fatty acid-free bovine serum albumin) (Millipore, Billerica, MA, USA), or 0.2mM PA (Sigma, St. Louis, MO, USA) plus BSA as a carrier protein (molar ration is 3:1) was used to incubate the astrocytes for 12hr. This astrocyte conditioned media (CM-B or CM-P) were used to culture the neurons.
Roscovitine (Cat# R7772, Sigma) and butyrolactone-1 (Cat# BML-CC210, Enzo life sci, Farmingdale, NY, USA) are specific inhibitors of Cdk5 and were used at concentrations of 10 M. Calpeptin (Cat# 03-34-0051, Calbiochem, Billerica, MA, USA) and PD150606 (Cat#CAS 659-22-3, Santa Cruz, Dallas, Texas, USA) are specific inhibitors of calpain and were used at 20 M and 100 M, respectively. Cell permeable STAT3 inhibitor (Calbiochem 573095) was used to inhibit the dimerization of STAT3 at 235 M. STAT3 inhibitor VI (Calbiochem 573102) was used to inhibit STAT3 activity at 100 M. ActinomycinD (ActD) (Cat#9415, Sigma) was used to inhibit transcription at a concentration of 1 g/ml.
Total mRNA Extraction and Quantitative real time PCR
Primary neurons were incubated for 12hr with conditioned media from astrocytes. Then the cells were lysed and total mRNA from the cells was extracted using the RNeasy Plus kit (QiaGen, Valencia, CA, USA) according to the manufacturer's instructions and the total mRNA was reverse transcribed into cDNA using the cDNA synthesis kit (BioRad, Hercules, CA, USA) as described (Wu et al., 2011) . The following primer sets (Operon, Huntsville, AL, USA) were used for PCR: actin (5 -ctcttccagccttccttcct-3 and 5 -aatgcctgggtacatggtg-3 ), BACE1 (5 -aatcagtccttccgcatcac-3 and 5 -ggctcgatcaaagaccacat-3 ), presenilin-1 (5 -ggtacccaaaaaccccaagt-3 and 5 -agtgaggatgctcccagaaa-3 ), Quantitative real-time PCR was performed using iQSYBR Green Supermix and Real-Time PCR Detection System (BioRad). The cycle threshold values were determined by the MyIQ software. Three independent experiments were performed for statistical analysis.
Western blot
Primary neurons were cultured in conditioned media at the indicated time in the figures. Then the cells were lysed and protein concentrations from whole cell extracts were determined by Bradford assay (BioRad). 15-30 g of protein samples were used for Western blot analysis as previously described (Bilgin et al., 2013; Liu et al., 2013; Wu et al., 2013) using specific antibodies for BACE1 (Cat#ab2077, Abcam, Cambridge, MA, USA), pSTAT3 (Cat#9131, Cell signaling, Danvers, MA, USA), spectrin (Cat# MAB1622, Millipore, Billerica, MA, USA), Histone H1 (Cat#ab11079, Abcam, Cambridge, MA, USA), C99 (Cat#2136, QED Bioscience, San Diego, CA, USA), and beta-actin (Cat# NB600-501H, Novus Biologicals, Littleton, CO, USA). Anti-mouse and anti-rabbit HRPconjugated secondary antibodies were purchased from Thermo Scientific (Cat#31430, 31460, Asheville, NC, USA). The blots were visualized by Super Signal West Femto maximum sensitivity substrate (Thermo Scientific).
Nuclear extracts
Primary rat neurons were cultured in conditioned media at the indicated time in the figures. Then the cells were lysed and nuclear extraction was performed according to the protocol described in (Zhang et al., 2011) . Briefly, cells were suspended in buffer A (10mM HEPES (pH=8.0), 1.5mM MgCl2, 10mM KCl, protease and phosphatase inhibitor cocktail) and kept on ice for 15 minutes. The cells were lysed with a 25-gauge 5/8 inch needle and the nuclear pellets were collected by centrifugation. Nuclear pellets were re-suspended in buffer C (20mM HEPES (pH=8.0), 1.5mM MgCl2, 25% (v/v) glycerol, 420mM NaCl, 0.2mM EDTA (pH=8.0), protease and phosphatase inhibitor cocktails) and incubated on ice for 30min, then spun down to obtain the nuclear extracts.
Calpain activity assay
Calpain activity in primary neurons cultured for 30min in conditioned media from astrocytes was detected by a calpain activity assay kit according to the manufacturer's instructions (Cat#K240, BioVision, Milpitas, CA, USA). Briefly, cells were lysed in lysis buffer for 20 min on ice, and the lysates were incubated with the calpain substrate, fluorogenic peptide (Ac-LLY-AFC), and reaction buffer for 1hr at 37°C in the dark. Upon the cleavage of the substrate, the fluorogenic portion produces fluorescence at a wavelength of 505nm and excitation at 400nm. The fluorescence emission was measured by Spectra MAX GEMINI EM plate reader. All readings were normalized to the protein levels obtained by Bradford assay.
Enzyme-linked immunosorbent assay (ELISA) and Aβ 42 assay
Primary rat neurons were cultured for 12hr in conditioned media from astrocytes. Then the cultured media was used for the ELISA assay. The level of A 42 was detected by A 42 ELISA kit (Invitrogen) according to the manufacture's instruction. Optical densities were measured at 450nm wavelength by Spectra MAX Plus384 plate reader. Each sample concentration was calculated based on a standard curve of A 42 standards. All readings were normalized to the total protein levels determined by Bradford's assay, and the data then were normalized to the control. Three independent experiments were performed for statistical analysis.
Calcium imaging
Calcium imaging was performed according to the protocol described in (Zhang et al., 2011) . Briefly, neurons were cultured in 4-well chambered cover-glass (Thermo Fisher Scientific). 4 M non-ratiometric dye Fluo-4 (Invitrogen) was added to the cultured media for 30min at 37°C. Excess dye was removed by washing with PBS, and the cells were incubated with complete neuronal media and placed in a chamber on a 37°C stage of an Olympus FluoView 1000. Images were captured and fluorescence intensity is represented by a spectral table (warmer colors represent higher intensity whereas cooler colors represent lower intensity). The completed neuronal media were replaced with CM-P or CM-B, and incubate for 20min prior to imaging.
Quantitative analysis of calcium was measured with Fluo-4. Briefly, neurons were cultured in 12-well plates. 4 M non-ratiometric dye Fluo-4 was added to the cultured media for 30min at 37°C, excess dye was removed by washing with PBS, and neurons were incubated with complete neuronal media. The fluorescence signal (F0) was detected by Spectra MAX GEMINI EM plate reader at 520nm and excitation at 480nm. Completed neuronal media were replaced with CM-P or CM-B, and incubate for 20min. The fluorescence signal (F) was measured again. Changes in the fluorescence intensity of the Ca 2+ signal are represented as F/F0. Three or more independent experiments were performed.
Statistical analysis
All experiments were performed at least three times, and representative results are shown. Statistical analysis was performed using an unpaired, two tail student t-test * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.
Results
Abnormal calcium and calpain levels in primary neurons treated with CM-P
Condition media from astrocytes cultured in palmitate or control media (BSA) is herein denoted as CM-P or CM-B, respectively. We reported previously that primary neurons cultured in CM-P developed AD-like changes (Patil et al., 2007) . Upregulated levels of calcium have been implicated in neurodegenerative diseases including AD. We observe the calcium level is upregulated in neuronal cells incubated in CM-P (Figure 1 ). Elevated levels of calcium could enhance calcium-dependent protein activities that trigger signaling cascades, such as calpain, a calcium-dependent protease. Mounting evidences indicate that abnormal activation of calpain is involved in AD pathogenesis Trinchese et al., 2008) . To validate whether the activity of calpain is upregulated in neurons cultured in conditioned media from astrocytes, the activity of calpain was measured and the results show a significant increase in calpain activity in the primary neurons (Figure 2A ). This increased calpain activity is likely due to elevated calcium levels. Calpain activity comes from two main isoforms of calpain in the cells, -calpain and m-calpain. The primary difference between the two isoforms is the amount of calcium required for activation. -calpain can be activated by micromolar concentration of Ca 2+ , while m-calpain is activated by millimolar concentration of Ca 2+ . We detected m-calpain protein level in primary neurons cultured for 30mins with condition media from astrocytes. The western blot results show that m-calpain protein levels are increased significantly in primary neurons cultured in CM-P ( Figure 2B) . In further support, to monitor the activity of calpain in neurons treated with CM-P, spectrin, an intracellular substrate of calpain that can be cleaved by calpain to indicate elevated calpain activity, was detected by western blot analysis. A cleavage fragment of around 150kDa from the 220kDa spectrin protein was detected in primary neurons cultured for 30 min in CM-P ( Figure 2C, D) , suggesting increased calpain activity. To determine if spectrin is cleaved by calpain, two specific calpain inhibitors, calpeptin (20 M) and PD150606 (100 M) were used individually to pre-and co-treat the primary neurons cultured in CM-P, and found to decrease significantly the 150kDa spectrin fragment ( Figure 2C, D) , indicating that CM-P increased the activity of calpain in primary cortical neurons.
CM-P elevates C99 and BACE1 levels, and calpain is involved in APP processing in neurons
We previously reported that BACE1 protein levels increased in a time-dependent manner in primary neurons cultured in CM-P . BACE1 initiates the production of A by cleaving the A precursor protein (APP) to generate a membrane bound carboxy-terminal fragment (C99). A higher level of C99 indicates higher BACE1 activity. Incubating the primary neurons in CM-P significantly elevated, while inhibiting calpain with specific inhibitors, calpeptin at 20 M, or PD150606 at 100 M significantly reduced, the accumulation of C99 (Figure 3 ). This suggests that calpain could be involved in regulating C99 level by modulating BACE1 activity.
To determine if the increase in BACE1 mRNA level is transcriptionally regulated, a transcriptional inhibitor, actinomycinD (ActD, 1 g/ml) was incubated with the neurons cultured in CM-P. Transcriptional inhibition with ActD significantly decreased the upregulation in BACE1 mRNA ( Figure 4A ) and protein levels ( Figure 4B ) suggesting BACE1 is regulated at the transcriptional level in primary neurons cultured in CM-P.
pSTAT3 is involved in the transcriptional regulation of BACE1
The transcription factor STAT3 is known to regulate numerous genes (Fu et al., 2004) , including BACE1 expression in neuroblastoma cells (Wen et al., 2008) . Nevertheless, the regulation of BACE1 expression is cell-type and stimuli-specific (Lahiri et al., 2006; Wen et al., 2008) . To determine if STAT3 could regulate BACE1 in primary cortical neurons treated with CM-P, nuclear level of pSTAT3 was measured after 1hr of culture. Cytoplasmic STAT3 is phosphorylated at the serine 727 site by kinases (Lim and Cao, 1999; Lim and Cao, 2001) , and the phosphorylation of this site induces its dimer formation, which causes auto-phosphorylation at multiple tyrosine sites, including tyrosine 705, leading to translocation of STAT3 to the nucleus (Brierley and Fish, 2005; Fu et al., 2004) . Therefore, pSTAT(Y705) was measured in the nucleus and found to increase ( Figure 5A ). In contrast, treating primary neurons directly with palmitate did not change the pSTAT3 level ( Figure  5B ). To determine if the upregulated pSTAT3 level could regulate BACE1, STAT3 inhibitor at 235 M, and STAT3 inhibitor VI at 100 M were used individually to pre-and co-treated the primary neurons for 12hr in CM-P. Western blot results showed that phosphorylated STAT3 levels were significantly reduced ( Figure 5C, D) . Upon inhibition, the mRNA and protein levels of BACE1 reduced significantly as compared to the control-treated neurons (CM-B) (Figure 5E , F and G), suggesting that pSTAT3 could transcriptionally regulate BACE1 expression.
Elevated calpain and p25/Cdk5 leads to phosphorylation of STAT3
pSTAT3 is elevated in neurons cultured in CM-P, and this elevated pSTAT3 level correlates with increased BACE1 accumulation ( Figure 5 ). p25/Cdk5 is known to activate STAT3 (Wen et al., 2008) and p25, an activator of Cdk5, increases significantly in primary neurons cultured in CM-P (Patil and Chan, 2005) . To confirm whether the elevated pSTAT3 level is due to p25/Cdk5, specific inhibitors of Cdk5, roscovitine (10 M) or butyrolactone-1(10 M), was used to pre-and co-treated the primary neurons cultured in CM-P for 12hr. The protein level of pSTAT3 and the mRNA level of BACE1 reduced significantly upon inhibition of Cdk5, (Figure 6 ). This suggests that p25/Cdk5 is involved in upregulating pSTAT3 level. The activator of Cdk5, p25, is cleaved from p35 by calpain (Cruz et al., 2003) . Since the activity of calpain is upregulated in neurons treated with CM-P (Figure 2 ), we propose a potential signaling pathway in which the upregulated calpain activity in neurons treated with CM-P enhances p25 production, which elevates Cdk5 activity and in turn pSTAT3 level. To evaluate whether the increased pSTAT3 level is due to upregulated calpain activity, primary neurons were pre-and co-treated with calpeptin (20 M) or PD150606 (100 M), specific calpain inhibitors, along with CM-P for 12hr. The calpain inhibitors significantly decreased pSTAT3 as well as BACE1 mRNA levels ( Figure 6 ). These findings support that both the increased calpain and p25/Cdk5 activities are involved in the upregulation of pSTAT3 activity and BACE1 mRNA level in primary neurons treated with CM-P. The upregulated calcium level in primary neurons (Figure 1 ) could enhance calpain activity, and induce the signaling cascade of calcium-calpain-p25/Cdk5-pSTAT3 to transcriptionally regulate BACE1 in primary neurons treated with CM-P.
pSTAT3 could regulate the transcription of γ-secretase
We found the increased C99 level corresponded with the elevated BACE1 mRNA and protein levels in neurons treated with CM-P. In addition, we also observe increased A 42 level in primary cortical neurons cultured in CM-P (Figure 7) , which is consistent with the increased mRNA presenilin-1 levels observed (Figure 8) , the latter is a catalytic subunit of -secretase that cleaves C99 to generate amyloid peptide. Thus we proposed that STAT3 could regulate presenilin-1. We analyzed the promoter region of presenilin-1 with JASPAR and TRANSFAC databases, and found that STAT3 could be a potential putative transcription factor of presenilin-1. Inhibiting pSTAT3 significantly reduces the mRNA level of presenilin-1 in neurons cultured in CM-P, suggesting that pSTAT3 could regulate presenilin-1 (Figure 8 ).
Discussion
Astrocytes are the most abundant cells in the central nervous system. Mounting evidence suggest that local inflammatory responses are mediated by astrocytes and that these astrocytes are not simply passive supportive cells, but contribute to the pathological processes of neurodegenerative diseases (Zaheer et al., 2012) and precede neuronal alterations and behavioral impairment in the progression of AD (Brambilla et al., 2012) . Epidemiological studies suggest that saturated free fatty acids may increase the risk of AD (Takechi et al., 2009 ). To date, the level of palmitate in AD brain has not been reported. However, traumatic brain injury, considered an independent risk factor for AD, is characterized by elevated levels of palmitate in the brain (Homayoun et al., 1997) , with palmitate increasing from ~60 to 180 M (Lipton, 1999) . Further supporting reports demonstrated that in traumatic brain injury, free fatty acid (FFA) levels increase significantly in the cerebrospinal fluid (CSF), and are recognized as markers of brain injury. In particular, the concentration of palmitate almost doubled as compared to control, above 1100 g/L in the CSF of traumatic brain injury versus around 600 g/L in control (Pilitsis et al., 2003; Pilitsis et al., 2001; Zamir et al., 1991) . FFAs in plasma can cross the blood-brain barrier (Dhopeshwarkar and Mead, 1973; Smith and Nagura, 2001) , and high fat diets increase the uptake of fatty acids by the brain from the plasma (Karmi et al., 2010; Wang et al., 1994) . The concentration of FFAs in normal human plasma in vivo generally ranges between 0.3-1.0mM (Dole, 1956; Shultz, 1991; Tikanoja et al., 1989) . In the brain, astrocytes readily take up and metabolize fatty acids. In fact peripheral administration of radio-labeled saturated fatty acid was found to accumulate primarily in astrocytes (Bernoud et al., 1998; Morand et al., 1979) . Previously our group showed that palmitate does not directly induce AD-like changes in primary cortical neurons, whereas, it does upregulate A levels in primary neurons mediated by astrocytes Patil et al., 2007) . Furthermore, the condition media from palmitate-treated astrocytes increased ceramide levels in neurons through sphingomyelinase, which could stabilize BACE1 and promote A biogenesis (Ding et al., 2012; Liu et al., 2013; Puglielli et al., 2003) . A peptide accumulation derived from BACE1 and -secretase is a well-established pathological hallmark of AD patient brains. Here we demonstrate a role of STAT3 in transcriptionally regulating not only the expression of BACE1, but also the expression of presenilin-1, a core protein of the -secretase complex in primary cortical neurons cultured in CM-P. Inhibiting pSTAT3 reduced the upregulation in the mRNA levels of both BACE1 and presenilin-1 in neurons cultured in CM-P. Thus, suggesting that reducing the activity of STAT3 might decrease the amyloidogenic processing, and be a possible therapeutic target for AD pathogenesis. Although we found pSTAT3 could regulate the expression of BACE1 and presenilin-1, it does not preclude the possibility that pSTAT3 could be mediating the expression of BACE1 and presenilin-1 through other proteins. STAT3 can be phosphorylated by Cdk5 kinase, and our results suggest that calpain, a calcium-dependent protease, could increase Cdk5 activity mediated by p25. We observed that inhibiting calpain and Cdk5 reduced the upregulated pSTAT3 levels in the nucleus, suggesting that p25/Cdk5 and calpain could be upstream components in the signaling cascade to activate STAT3.
Deregulation of calcium-mediated signaling has been implicated in many neurodegenerative diseases including AD (Hermes et al., 2010) . Calcium generates diverse intracellular signals involved in a variety of cellular functions. The concentration of cytosolic calcium is tightly regulated by the balance between calcium influx and efflux, and by the exchange of calcium with the endoplasmic reticulum (ER) and mitochondria. Several reports have indicated that elevated calcium promotes amyloidogenesis and A aggregation. In turn, A can increase cytosolic levels of calcium by forming voltage-independent cation channels in the cell membrane, causing calcium influx and degeneration of the neuritis (LaFerla, 2002; Lin et al., 2001; Querfurth and LaFerla, 2010) . A can also stimulate the release of ER calcium into the cytoplasm (LaFerla, 2002) . In addition, factors, such as aging, ceramide and cytokines have been shown to disrupt brain calcium homoeostasis (Beskina et al., 2007; Liu et al., 1999; Wong et al., 1995) . Our previous study showed that the ceramide levels increased significantly in primary cortical neurons cultured in CM-P . Furthermore, palmitate triggered cytokine secretion from the astrocytes into the CM-P, in particular IL-1 and TNF . The upregulation in the levels of cytokines and intracellular ceramides could trigger deregulation of calcium homeostasis in the neurons cultured in CM-P. Indeed here we observed the calcium level is upregulated in primary cortical neurons cultured in CM-P.
Abnormally high calcium levels can over-activate calpain, a calcium-dependent protease (Medeiros et al., 2012) . In the central nervous system, upregulated calpain activity has been linked to a number of diseases, including AD (Medeiros et al., 2012) . Furthermore, selective calpain inhibitors have been shown to mitigate the AD-like changes and cognitive decline in animal model (Medeiros et al., 2012) . A can activate calpain to enhance the accumulation of p25 (Lee et al., 2000) by cleaving p35 to p25, to form the p25/Cdk5 complex (Lee et al., 2000) . P25/Cdk5 has many substrates which have been shown to be involved in AD pathogenesis. For example, p25/Cdk5 can phosphorylate APP, and BACE1 preferentially cleaves phosphorylated APP to increase A production (Lee et al., 2003) , and could also phosphorylate BACE1 and tau, leading to altered BACE1 trafficking or sorting with the former (Pastorino et al., 2002; Walter et al., 2001) , and tau hyperphosphorylation with the latter (Wen et al., 2008) . Elevated p25/Cdk5 has also been reported in animal model of ischemia, and ischemia has been shown to increase amyloidogenesis and is considered a risk factor for AD (Wang et al., 2003; Wen et al., 2004) . Both calpain and p25/Cdk5 play multiple roles in the pathogenesis of AD and have been suggested to be potential therapeutic targets of AD. In this study, calpain activity is increased significantly, and our group previously showed p25 level is upregulated in primary cortical neurons incubated in CM-P (Patil et al., 2007) . Inhibiting Cdk5 and calpain significantly reduces pSTAT3 levels in primary cortical neurons cultured in CM-P. Thus, it further supports the role of Cdk5 and calpain in AD pathogenesis.
In conclusion, our previous studies showed that the conditioned media from astrocytes cultured in palmitate increased the AD-like changes in primary neurons (Patil et al., 2007) . Therefore, to further elucidate the mechanism by which CM-P induces AD-like changes, and based on our findings and previously published results, we propose the following mechanism ( Figure 9 ). In summary, conditioned media from palmitate-treated astrocytes elevates the calcium level in primary cortical neurons, to increase calpain activity, a calcium-dependent protease, which subsequently enhances p25/Cdk5 activity. STAT3 is a substrate of p25/Cdk5 and upon phosphorylation becomes activated and translocates into the nucleus. Elevated pSTAT3 level in the nucleus could transcriptionally upregulate both BACE1 and presenilin-1, directly or indirectly, enhancing the production of A . Elevated A level could further trigger neurons to disrupt calcium homeostasis (LaFerla, 2002; Lin et al., 2001; and reinforce a calcium-A -calcium cascade, and exacerbate the AD pathology. In this signaling cascade STAT3 regulates both BACE1 and presenilin-1, thereby suggesting that STAT3 could be a potential therapeutic target for AD.
Highlights
• Conditioned media from palmitate-treated astrocytes (CM-P) cause AD-like changes
• CM-P triggers an abnormal calcium level which elevates calpain activity in neurons
• pSTAT3 transcriptionally regulates both BACE1 and presenilin-1 expression
• Signaling of calcium-calpain-p25/Cdk5-STAT3 BACE1 & -secretase and amyloidogenesis (A) pSTAT3 levels in the nucleus of primary neurons incubated in control (CM-B) or CM-P for the indicated time. Histone was used as loading control for the nuclear extracts. (B) pSTAT3 levels in the nucleus of primary neurons cultured in BSA (control) or 0.2mM palmitate (PA) for 12hr. Then the cells were lysed and western blot for pSTAT3 was performed. Histone was used as loading control for the nuclear extracts. (C, D) pSTAT3 levels in the nucleus. Primary neurons treated with control (CM-B), CM-P or CM-P plus specific inhibitors of STAT3 (STAT3Inh at 235 M or STAT3Inh VI at 100 M) for 12hr. Then the cells were lysed and pSTAT3 levels were measured by western blot and histone was used as loading control for the nuclear extracts. (E, F,G) BACE1 mRNA or protein levels in primary neurons treated with control (CM-B), CM-P or CM-P plus specific inhibitors of STAT3 (STAT3Inh at 235 M or STAT3Inh VI at 100 M) for 12hr. Then the cells were lysed and BACE1 protein levels were measured by western blotting of whole cell lysates with actin used as a loading control. The mRNA of BACE1 was detected by realtime PCR. The results were normalized to control (CM-B) and * or na (not significant) above the bar indicates the significance. A line indicates a comparison between the 2 bars connected by the line. (n=3). *p<0.05, **p<0.01, ***p<0.001. Primary neurons were treated with conditioned media CM-B (control) or CM-P for 12hr. Then the cells were lysed and A 42 levels were detected by ELISA (n=3). **p<0.01. . Scheme of neuronal responses upon CM-P treatment CM-P elevates calcium level in primary neurons. Elevated calcium increases calpain activity, a calcium dependent protease, which in turn enhances p25/Cdk5 activity. STAT3 is phosphorylated by p25/Cdk5 and translocates into the nucleus. Elevated pSTAT3 in the nucleus transcriptionally upregulates both BACE1 and presenilin-1 mRNA, which could further enhance the production of A .
